P1 plasmid partition requires two plasmid-encoded Par proteins and a cis-acting site. The site, parS, lies in a region consisting of a 13-bp palindrome and an adjacent AT-rich sequence. A series of point mutations were analyzed for their effects on partition site activity. The results indicated that only the left arm of the palindrome and some adjacent bases were needed. The limits of the functional site were further refined to a maximum of 22 bp, which includes binding sites for the P1 ParB protein. Mutations in the 22-bp site cause concomitant defects in partition and the ability to exert partition-mediated incompatibility. Like the region immediately to the left of the 22-bp region, the right arm of the palindrome is not essential for partition but does contain information that affects the specificity of incompatibility.
Bacteriophage P1 lysogenizes Escherichia coli as a stable unit copy plasmid. Its rate of loss is less than one in 105 cell division events, primarily because of an active partition apparatus which ensures that each daughter cell receives a plasmid copy at the time of cell division (3) . The genetic material of P1 that is required for partition has been localized to a 2.1-kb segment that is adjacent to, but separable from, the primary replication functions of the plasmid. Two essential partition proteins, ParA and ParB, and a small cis-acting partition site (parS) are required and sufficient for partition (3, 9, 12) . The site lies in a region immediately downstream of the two par open reading frames ( Fig. 1) (12) . Models for partition propose that the parS sequence acts as a functional equivalent to the eukaryotic centromere (3) . According to such models, this site binds the plasmid to the bacterial "mitotic" apparatus, guaranteeing accurate segregation.
The region containing the parS site also acts as a determinant for plasmid incompatibility (incB) (2) . Two different plasmids with the same type of partition region cannot be stably maintained in the same cell line. One proposed explanation for this assumes that the site is a recognition site for choosing pairs of plasmids for directed movement to opposite halves of the dividing cell. Individual copies of two different plasmids, both carrying cis-acting sites of the same specificity, would not be distinguishable by the partition system, resulting in the missegregation called incompatibility (13) .
The P1 partition site can exhibit two different incompatibility phenotypes (7, 12) . In order for a site to give a wild-type incompatibility phenotype (IncB+), it requires 84 bp that include multiple binding sites for the ParB protein and a site which binds the host integration host factor (IHF) protein (7) (Fig. 1) . However, much of this information is needed for specificity but not for the actual mechanics of partition. Sequences sufficient for partition site activity have been mapped to a 35-bp subregion that includes a perfect 13-bp inverted repeat and an adjacent AT-rich sequence (6, 12) . However, plasmids carrying these truncated sites show an altered incompatibility phenotype. Such plasmids are incompatible with their own type but not with the wild type (12) . We refer to this altered incompatibility phenotype as IncBd (7) . This change in incompatibility properties can be induced in the 84-bp wild-type site by various mutations in the sequences flanking the 35-bp region (7) or by a host mutation that eliminates IHF activity (himA) (10) .
In this paper, we seek to define the minimal information required to constitute a functional partition site with IncBd specificity. It should contain the bases that interact with whatever cellular machinery is actually responsible for selective movement of plasmid copies to daughter cells.
MATERIALS AND METHODS
Bacterial strains. N100 (5) is recA13 galK pro Smr. BR825 is our laboratory isolate of CM5649 [polA supD(Ts) Tcr trp(Am)] that has lost the temperature-sensitive supD allele (11) . CC241 is BR825 transformed with plasmid pALA283, which supplies the P1 ParA and ParB proteins. CC240 is BR825 containing the control vector pLG338. RW1840 is supE supF metB r-m-galAl82 himA: :TnlO and was kindly supplied by R. Weisberg.
Map coordinates and designation of mutations. Coordinates from the standard map of the P1 plasmid-maintenance region (1) are referred to as P1-4380, etc. The first bp of the 34-bp partition site region is P1-4357 (Fig. 1) . For the purposes of this paper and for brevity, bases within the 34-bp parS region are designated bp 1 through bp 34, so that P1-4357 is redefined as bp 1 (Fig. 1) . Mutations are designated by the base changes and bp numbers changed. Thus, T-*C,4 has a T to C base change at the fourth bp of the 34-bp sequence; AT,2 is deleted for bp 2, and A23-34 is deleted for bases 23 through 34.
Plasmid constructions. The pSC101-based plasmids pALA 283 and pLG338 and the dual-origin vector pALA136 were described previously (12) .
Dual-origin plasmids based on the P1 rep-containing vector pALA136. Plasmids pALA415 and pALA419 were constructed by using single-stranded oligonucleotides. The parS region of these plasmids is inserted between the unique EcoRV and AvaI sites of pALA136, as previously described (12) . Plasmids pALA455, pALA456, pALA442, pALA453, and pALA449 were made by inserting double-stranded oligonucleotides with BamHI- synthesized and hybridized to the mutated oligonucleotide pool, and the resulting double-stranded oligonucleotides were inserted into BamHI-SphI-digested pALA 136. These plasmids are thus variants of plasmid pALA455 described above. Plasmids pALA504 and pALA502 were generated by this method, as were the unnumbered mutants in Fig. 2 .
High-copy-number plasmids based on the vector pBR322. Plasmids pALA412, pALA417, pALA425, pALA431, and pALA438 were made by inserting double-stranded synthetic oligonucleotides containing the appropriate P1 sequence into BamHI-SphI-digested pBR322 DNA. Each oligonucleotide was designed to have the appropriate complementary ends. Plasmids pALA498 and pALA499 were created by removing the HindIII-NruI fragments from pALA449 and pALA504, respectively, and reinserting them between the HindIII and NruI sites of pBR322.
Plasmid pALA464, a Kmr Aps derivative of pBR322, was described by Davis et al. (7) . A 174-bp TaqI-HincII fragment containing bp P1-4278 to P1-4451 (1) was inserted between EcoRI and Styl of pALA464, generating pALA465.
Plasmid pALA411 is a StyI-Styl deletion of pALA270 (1) that removes all P1 bases to the right of bp P1-4390 (bp 34, Fig. 1 ), leaving an intact P1 par region including parA, parB, and parS. Plasmid pALA271 is like pALA411 but has the parS site deleted (1). Plasmid pALA463 was made by digesting pBR322 with HindIlI and BamHI and inserting together the HindIII-DraI fragment of pALA270 and a double-stranded oligonucleotide containing P1 sequence from Dral to the G at bp P1-4378 (bp 22, Fig. 1 ) and a complementary BamHI end.
Partition tests. Tests were as described in Martin et al. (12) , and the method is outlined in the Results section below.
Incompatibility tests. All growth was carried out at 30°C. Strain N100 or RW1840 was lysogenized with X-Pl:5RCm, a X-mini-P1 phage-plasmid chimera that lysogenizes its host only as a stable extrachromosomal P1-driven plasmid (7) . The resulting strain was transformed with the appropriate high-copy-number plasmid to be tested, selecting only for the incoming plasmid on agar containing the appropriate antibiotic. Six transformants were restreaked for single colonies on the same medium, and approximately ten of the resulting colonies from each streak were screened for the presence or absence of chloramphenicol resistance, as previously described (7) . The percentage of chloramphenicolresistant colonies is taken as the proportion of cells retaining the X-P1:5RCm plasmid in the approximately 25 generations of growth required to form the initial-transformant colonies (7) .
RESULTS
Construction of mutations in the parS sequence. We have developed an assay for partition site activity in a strain that provides the two P1 Par proteins in trans and used it to show that a 35-bp segment of P1 DNA contains sufficient cis-acting information to direct the active segregation of plasmids to daughter cells (12) . A 34-bp sequence (Fig. 1) lacking the first adenine base is equally effective ( Table 1 ). The 34-bp segment was introduced into the vector pALA136 which contains both a P1 and pBR322 origin of replication. The multicopy origin facilitated construction and manipulation. Partition activity was measured by determining plasmid stability in a polA strain where the high-copy-number pBR322 origin is nonfunctional, and a low copy number is maintained (12) . random bases into a synthetic oligonucleotide according to the method of Derbyshire et al. (8) . After construction, the sequence of each mutant clone was determined, and the resulting plasmid was assayed for partition. Sixty-two plasmids were screened: 19 contained single mutations, 23 were wild type, and the other 20 had multiple changes. An additional mutant plasmid (pALA419, A-+T,14) was constructed by using a defined oligonucleotide (12) . Fig. 2 shows the results of assays for partition function of each of the different single mutations isolated. Several mutants showed no significant reduction in stability levels relative to the appropriate wild-type control. (It must be noted, however, that the polA stability assay is not sensitive enough to determine small decreases in stability.) The other mutants were very unstable. Loss rates were comparable to those obtained with the vector lacking all partition sequences. Examination of Fig. 2 Refinement of the boundaries of parS. The data in Fig. 2 suggest that the boundary of the essential sequences for parS lies close to the left boundary of the 34-bp sequence, but that the right portion of the sequence might be dispensable for partition. We tested these predictions directly by deletion analysis (Fig. 3) . A 22-bp oligonucleotide lacking the rightmost 12 bp of the sequence (Fig. 3, A23-34) was introduced into the pALA136 vector. It stabilized the fragment to approximately the same degree as the 34-bp sequence when the Par proteins were supplied in trans (Fig. 3) . Deletion into the left end of the 34-bp sequence abolished partition (mutation A1-4, Fig. 3 ). The mutation AT,2 (Fig. 3) can be regarded as a 2-bp substitution of the left end of the 34-bp sequence (substituting CA for the AT of the first two bases). This is also partition defective (Fig. 3) , showing that the left boundary of the partition site is at bp 1 or 2.
Our initial data suggested that the sequences constituting bp 18-21 might not be required for partition, since two single-base changes there have no obvious effect (Fig. 2) . However, results obtained with two mutants with multiple changes in this sequence show that it does contain information important for partition, even though some changes are tolerated. Both mutants (CCA--TGG,18-20 and CCA-+ AA&T,18-20) are partition defective (Fig. 3) . Since the bases beyond bp 22 are dispensable for partition but substitution in bp 18-20 is not tolerated, the right boundary of the minimal parS site must lie in the interval bp 19-22 of the 34-bp sequence.
Partition-mediated incompatibility. The region containing the parS site acts as a determinant for partition-mediated plasmid incompatibility. Our standard test for this effect is as follows: a small fragment including the region is cloned into the high-copy-number vector pBR322. This is introduced by transformation into a cell containing a resident P1 miniplasmid. Loss of the resident plasmid is rapid and can be scored by analysis of the population after a number of generations of unselected growth. In these tests, it is always the resident P1 miniplasmid that is lost, because the incoming plasmid is selected for and is maintained at high copy number. The upper panel of Table 2 shows typical results obtained for wild-type fragments in IHF-proficient and -deficient strains containing a resident X-P1:5R plasmid. When the 84-bp incB+ region (Fig. 1) was tested, the resident P1 plasmid was displaced from both strains (pALA465, Table  2 ). However, when the incoming test plasmid contained the 34-bp partition site (Fig. 1) , displacement was seen only in the IHF-deficient strain (pALA412, Table 2 ). This test serves to define the IncB+ and IncBd phenotypes for the purposes of this paper (see footnote a to Table 2 ) and was used to screen point mutations.
We tested the incompatibility properties of three of the point mutations in the 34-bp fragment (Table 3 ). The 34-bp (12) , this small site must nevertheless contain sufficient information for recognition and interaction with the putative host machinery responsible for selective movement of the copies.
What do the 22 bp do? They bind ParB (6, 7). The leftmost 15 bases (bp 1-15) consist of an inverted repeat of the proposed ParB-binding consensus sequence, 5'ATTTCAC (the first repeat has an A in the last base). Both elements of this repeat motif are strongly protected by ParB binding in DNase protection (footprinting) assays (7) . All but one of the single base changes in these 15 bp cause the site to be partition defective. This suggests that the formation or activity of a specific ParB-DNA complex involving both ParB-binding sites is essential for partition. The remaining 7 bp (bp 16-22) contain some information important for partition, since changes there can eliminate partition site activity. We are currently investigating whether ParA or some host protein might bind there. These bases overlap the sequence TCGCCA (bp 15-20). It might be significant that this motif is also present at the extreme left boundary of the incB+ sequences (P1-4303-4308, Fig. 1 ), where it is required for the IncB+ phenotype (7) .
Partition and IncBd incompatibility require the same 22 bp, and point mutations within those bases affect both. The bases bind ParB. Perhaps then, IncBd incompatibility is simply due to titration of available ParB protein by the ParB-binding sites of the competing plasmids. However, this hypothesis is not favored by the data. The plasmid pALA463 carries a complete parA-parB operon in addition to an IncBd partition site (Table 2) . It exerts a normal IncBd incompatibility phenotype (Table 2 ). Since each of the incoming copies of the plasmid brings its own capacity to synthesize ParB, it is unlikely that displacement of the resident plasmid is due to ParB titration. The observations that ParB synthesis is autoregulated (9) and that incBd plasmids do not compete with the wild-type P1 plasmids, even when in large copy number excess (12) , also provide difficulties for a simple titration model. Rather, it seems likely that incompatibility reflects the mechanism by which pairs of plasmids are chosen for partition (3, 13) . Introduction of competing plasmids carrying the same partition site disrupts the choice of "correct" pairs by participating directly in the process. In this case, mutations that affect both partition and incompatibility do so because they disrupt information required for pair recognition.
We show that, like the sequences to the left of the 22-bp region, the region to its right is part of the information required for the IncB+ phenotype. Thus, the core partition site is sandwiched between two blocks of information that are not essential for partition but are required for wild-type incompatibility. The left block contains a ParB-binding site and a binding site for the host IHF protein (7, 10) . The newly defined 12-bp right block also binds ParB (7) and contains the ParB-binding consensus sequence 5'ATTTCAC (Fig. 1) . The involvement of these separated ParB-binding regions in IncB' incompatibility is consistent with our previously proposed model for the region, in which IncB+ is determined by a folded structure in which the distal ParB-binding regions are held together by IHF and ParB protein (7) . Disruption by mutation (or the absence of IHF) would give an unfolded structure that results in the IncBd phenotype.
